Resonant Raman scattering is investigated in monolayer WS 2 at low temperature with the aid of an unconventional technique, i.e., Raman scattering excitation (RSE) spectroscopy. The RSE spectrum is made up by sweeping the excitation energy, when the detection energy is fixed in resonance with excitonic transitions related to either neutral or charged excitons. We demonstrate that the shape of the RSE spectrum strongly depends on the selected detection energy. The resonance of outgoing light with the neutral exciton leads to an extremely rich RSE spectrum, which displays several Raman scattering features not reported so far, while no clear effect on the associated background photoluminescence is observed. Instead, when the outgoing photons resonate with the negatively charged exciton, a strong enhancement of the related emission occurs. Presented results show that the RSE spectroscopy can be a useful technique to study electron-phonon interactions in thin layers of transition metal dichalcogenides.
Raman scattering spectroscopy is an acknowledged characterization tool of layered materials, such as, for example graphene [1] [2] [3] [4] [5] , boron nitride [6] [7] [8] , or semiconducting transition metal dichalcogenides (TMDs) [9] [10] [11] [12] [13] [14] . Since the beginning of recent boom in the physics and technology of graphene-related systems, it has been primarily used to determine the number of layers in ultimately thin films of various 2D crystals serving as building blocks of more complex structures [15] [16] [17] . Additional advantages of this technique come out when Raman scattering spectra are investigated as a function of the excitation energy and/or under resonant conditions when either the incoming or outgoing photons coincide in energy with optically active electronic transitions [9] [10] [11] [12] . Resonant Raman scattering offers supplementary information on TMD layers concerning essentially the coupling of particular phonons to electronic transitions of a specific symmetry 12, 13, 18, 19 .
Here we report on resonant Raman scattering study of monolayer WS 2 . An extremely rich Raman scattering response is uncovered when using an unconventional spectroscopy scheme, referred to as Raman scattering excitation (RSE). This method relies on tracing the Raman scattering response when the detection energy of the outgoing photons is fixed and the laser energy is being swept. The shape of the RSE spectrum strongly depends on a selected detection energy, in our case related to either the negatively charged (X − ) or the neutral (X 0 ) exciton. The former resonance condition results in a strong enhancement of the X − emission due to cascade scattering by optical and acoustic phonons. In contrast, several Raman scattering processes, including double out-of-plane A' 1 zone-centre modes, are enhanced while being in resonance with the outgoing photons emitted at the energy of the X 0 exciton. The RSE spectroscopy is proposed as a convenient tool to investigate electron-phonon interactions in thin layers of TMDs. Figure 1a presents an optical microscope image of the investigated WS 2 monolayer supported by a Si/(300 nm) SiO 2 substrate. The topography of the flake is shown in Fig. 1b with a false-colour atomic-force-microscope (AFM) image of an area enclosed in panel (a) with a dashed white box. The inset to panel (b) demonstrates a height profile measured along the white line crossing the edge of the monolayer. The thickness of the monolayer one can extract from that profile (0.85 nm) is slightly larger than the value of 0.62 nm (ref. 20) based on the separation between adjacent layers in bulk WS 2 crystal. As reported also for other TMD monolayers deposited on Si/SiO 2 substrates, the difference may result from a non-zero equilibrium distance between the bottom surface of the monolayer and the top surface of the SiO 2 layer as well as from a thin layer of water captured between the monolayer and the substrate. A representative photoluminescence (PL) spectrum of the monolayer excited at non-resonant energy (λ = 514.5 nm) is shown in Fig. 1c . It is composed of several emission lines (see the inset to Fig. 1c ), which are attributed to the neutral (X 0 ), negatively charged (X − ), and localized (Ls) excitons related to the maximum of the valence band and the higher-lying energy level in the conduction band at the K ± points of the WS 2 monolayer's Brillouin zone (BZ) [21] [22] [23] [24] [25] [26] [27] [28] [29] . Subsequent (selected) spectra obtained with several excitation energies are displayed in Fig. 1d . The spectral window presented covers the energy range that corresponds to the emission of light due to recombination of neutral and charged excitons. It can be seen that the lineshape of the spectra critically depends on the excitation energy. In particular, there are narrow lines superimposed on broad peaks due to recombination of the excitons. The lines follow the laser excitation energy which points out to Raman scattering as their origin. Moreover, the emission related to the negatively charged exciton is highly enhanced and broadened when its energy coincides with the energy of light scattered by processes identified later in the text.
Experimental results
Complete sets of the collected data are presented in Fig. 2 in the form of color-coded maps showing the intensity of the optical response as a function of excitation energy. Panels (a) and (b) of the Figure present the results obtained with a lower (~10 μW) and higher (~50 μW) excitation power, respectively. Three energy regions of the optical response can be clearly distinguished in Fig. 2 : (i) the lowest-energy range (<2.075 eV) in which the emission ascribed to the X − exciton can be observed, (ii) an intermediate energy range (2.075 eV…2.09 eV) in which a rather weak optical response can be seen, and (iii) the highest energy range (>2.09 eV) in which the emission due to the X 0 exciton becomes apparent. In order to identify the processes responsible for the Raman scattering in the three energy regions mentioned above, we have analyzed the optical response of the WS 2 monolayer measured as a function of excitation energy and detected at three selected energies: 2.061 eV, 2.078 eV, and 2.093 eV (see the white vertical dashed lines in Fig. 2b ). The resulting RSE spectra, displayed as a function of the Stokes shift, measured at 2.061 eV (in resonance with the negatively charged exciton), 2.078 eV, and 2.093 eV (in resonance with the neutral exciton) are shown in Fig. 3a ,b, respectively. When interpreting the spectra, it is important to keep in mind that although they correspond to Raman scattering, they were not obtained at a constant excitation energy, as it is typical for the Raman scattering technique. As a result, the spectra strongly depend on the detection energy, which corresponds to different resonance conditions. Particularly, the richest spectrum can be observed while the scattered light is in resonance with the neutral exciton, which points out to the role of exciton-phonon interactions in the Raman scattering processes.
Let us focus first on the highest-energy region (see Fig. 3b ). There are three zone-center (Γ) Raman active modes in monolayer 2H-TMDs, which belong to the A' 1 , E' , and E" representations 30 . Two of them (A' 1 and E') are usually observed in the back-scattering configuration, in which the presented results have been obtained. The corresponding Raman scattering peaks can be seen in our experiment at 418 cm −1 and 357 cm −1 , respectively. As it is widely accepted, the broadening of the latter line results from a double 2LA(M) process 31 , whose peak emerges at 352 cm −1 in the spectrum. In order to be Raman-active, the E" process requires the electric field of the laser light to be oriented out of the structure's plane, which is not possible in the back-scattering configuration. However, although the process is in principle forbidden in the geometry of our experiment 32 , its observation under resonant excitation conditions is often reported in TMDs 18, 33, 34 . We therefore ascribe the peak at 331 cm −1 to the E" process as no other phonon mode is expected near this frequency. It should be noted that the energy of the peak matches quite closely the maximum of the total density of phonon states related to the phonon dispersion near the M point of the BZ 11, 34 . Other peak related to phonons from the border of the BZ, namely ZA(M), is observed at 146.5 cm −1 . Its attribution to out-of-plane acoustic phonons was previously proposed in ref. 35 . A weak feature at 176 cm −1 can be attributed to a longitudinal acoustic mode from the M point of the BZ, LA(M) 31 . Analyzing the Raman features related to the border of the BZ one must consider a possible presence of disorder in the structure. The phonon localization induced by disorder relaxes the momentum conservation rule, which allows the involvement of a single mode from outside of the Γ point 36, 37 . Low intensity of the LA(M) feature suggests a rather low impact of disorder, while much higher intensities of the ZA(M) and E"(M) features are more likely due to the resonance with the neutral exciton. Following the assignment of the peak at 146.5 cm −1 to the ZA(M) process it is naturally to ascribe the peak of a relatively high intensity observed at 294 cm −1 to the process involving double out-of-plane acoustic phonons from the edge of the BZ, 2ZA(M) 35 . Other features which were previously observed in the Raman scattering spectrum of monolayer WS 2 are combined processes: A' 1 (M) + LA(M) at 585 cm −1 and 4LA(M) at 703 cm −1 31 . We ascribe the peak occurring at 714 cm −1 to the double 2E'(Γ) process. The assignment of the peaks at 146.5 cm −1 and 176 cm −1 correspondingly to the ZA(M) and LA(M) phonons permits to propose an identification of other combined acoustic processes at 475 cm −1 , 498 cm −1 , 648 cm −1 , and 680 cm −1 as LA(M) + 2ZA(M), 2LA(M) + ZA(M), 2LA(M) + 2ZA(M), and 3LA(M) + ZA(M), respectively. Moreover, the low-energy shoulder of the feature due to the E" process is close to the expected energy of the combined LA(M) + ZA(M) processes (322.5 cm −1 ). Finally, the peaks at 775 cm −1 and 836 cm −1 can be attributed to the sum E'(Γ) + A' 1 (Γ) and the double 2 A' 1 (Γ) processes. The apparent broadening of the former feature may also result from the contribution of the 4LA(M) process. Both these features have not yet been reported for monolayer WS 2 .
The RSE spectrum detected at 2.078 eV, in the intermediate energy range (see Fig. 3a ), is dominated by two Raman scattering modes: A' 1 (Γ) and 2LA(M)/E'(Γ). A relatively high intensity of the peak due to the 2ZA(M) mode should be noted (see an arrow in Fig. 3a ). The optical response in the lowest-energy range (at 2.061 eV) which corresponds to the resonance of the scattered light with the charged exciton (see Fig. 3a) shows an emission band of substantial intensity. As it can already be noticed in Fig. 2 , the emission due to the charged exciton is strongly enhanced by the resonance with two main Raman-active processes: A' 1 (Γ) and 2LA(M)/E'(Γ). The overall emission is also shifted to higher energies while being in resonance with the light scattered by those two processes. When the excitation energy increases towards non-resonant conditions, the intensity saturates at substantially lower level. The difference between the resonant and non-resonant conditions may correspond to a fundamental change in the processes involved in the optical response. Out of the resonance only the PL emission is observed. In the resonance, the optical response is also due to cascade Raman scattering processes, which involve optical and acoustic phonons. In the latter case, the energy of the photoexcited carriers is lost in a series of scattering processes, while the intensity of the emission in the former process basically does not change with increasing the excitation energy. The difference between the two mechanisms responsible for the optical emission can be further appreciated by inspecting the spectra excited with laser light of particularly selected energies as shown in Fig. 4 .
It is clearly seen in Fig. 4 that the intensity and lineshape of the optical spectrum related to the charged and neutral excitons strongly depend on the resonance conditions. The intensity of the optical response due to the charged exciton is strongly enhanced while being in outgoing resonance with main vibrational modes of the Fig. 5a ). The resonance of the light scattered by vibrational modes of the crystal with the neutral exciton results in the enhancement of the Raman scattering features with no strong effect on the background PL emission (see Fig. 5b ). Moreover, it can be seen in Fig. 5a , that the peak related to the 2LA(M)/E'(Γ) process is accompanied by an additional structure whose maximum occurs ~14 cm −1 above. The structure is clearly visible while the outgoing resonance with the 2LA(M)/E'(Γ) mode takes place at the energy corresponding to the maximum of the charged exciton peak and it becomes less pronounced outside that energy region. The lineshape of the spectrum around the resonance with the A' 1 (Γ) peak also suggests an additional contribution from higher-energy processes. A weak, broad feature at the energy higher by ~17 cm −1 than the energy of the A' 1 (Γ) peak can also be distinguished. Both high-energy structures must result from multiphonon processes, which involve principal optical phonons (2LA(M)/E'(Γ) or A' 1 (Γ)) and additional acoustic phonons.
Additional structures emerging on higher-energy slopes of the principal phonon modes in the investigated monolayer are related to multiphonon scattering by optical (LO) and acoustic phonons. The exciton-enhanced multiphonon Raman scattering can be explained in terms of a "cascade model". The process involves (1) an optical excitation of an exciton, (2) its relaxation with the emission of an optical phonon down to the vicinity of the band, (3) the subsequent emission of acoustic phonon(s), and (4) finally its radiative recombination 38 . The peak due to an additional acoustic process, which follows the emission of the optical phonon is broader than the LO phonon peak with the energy occurring at the largest value of the crystal momentum allowed by the exciton dispersion. The cascade scattering can be strongly enhanced by an outgoing resonance with excitonic complexes, as observed in several semiconductor systems 39 . A resonance with the recombination of a free electron and a hole localized on a carbon acceptor in GaAs (e, A 0 ) also leads to a similar effect 40, 41 . Raman peaks related to the combined processes are dispersive, which reflects the exciton dispersion 42 . No clear dispersion of the relevant peaks observed in our data most likely results from limited spectral resolution of the experimental set-up.
The resonance of the scattered light with the neutral exciton results in quite different spectra, as shown in Fig. 5b . The resonance induces a strong enhancement of several Raman peaks, clearly visible in Fig. 3 , but not of the background PL emission. This may point out to a different exciton-phonon interaction as compared with the charged exciton. In the case of the charged exciton, the strong optical response may be related to cascade Raman scattering involving both optical and acoustic phonons. The resonance with the neutral exciton gives rise mainly to the enhancement of Raman scattering by discrete modes. The enhanced modes, whose attribution has already been discussed, can clearly be seen in Fig. 3b .
Our results underline a complicated character of exciton-phonon interactions in thin TMD layers. This statement is even more valid in view of recent results reported by C. M. Chow 43 and co-workers, who showed virtually no effect of the Raman scattering on the emission due to the negatively charged exciton in monolayer MoSe 2 and a crucial effect of multiple LA(M) phonon emission on the neutral exciton. This might look surprising as both WS 2 and MoSe 2 share the same crystallographic structure. It is moreover known that critical differences between the influence of resonant excitation on the Raman scattering in different materials can exist 19 , which can be explained by theoretical calculations. The explanation presented in ref. 43 requires solid theoretical justification which is beyond the scope of our experimental work. We can, however, stress two points which may be important for the possible analysis. First is a crucial difference in the electronic structure of MoSe 2 and WS 2 . Monolayer WS 2 is a darkish material, in which the energetically lowest transition is optically inactive 28 . Monolayers of MoSe 2 are bright, which means that in their case the energetically lowest transition is optically active 28 . Next, a closer inspection of our results shows that the resonantly enhanced emission due to the charged exciton is blue-shifted as compared to the emission excited out-of-resonance (see Fig. 2b ). Recently, it has been reported that the PL spectrum due to the negatively charged exciton in monolayer WS 2 is composed of two lines associated with two possible states of that exciton: intravalley (singlet) and intervalley (triplet) (for details see ref. 44 ). In consequence, the observed blue shift may suggest that the resonance involves the intervalley (triplet) state of the charged exciton. It contrasts with monolayer MoSe 2 , where the charged exciton is ascribed to the intervalley (singlet) state. This could explain the difference between the resonant-excitation effect on the charged exciton emission seen in our results and reported in ref. 43 . These facts may be of importance for the explanation of data and we do believe that they will trigger some interest in establishing their theoretical framework.
Conclusions
We have presented a study of low-temperature optical emission from monolayer WS 2 excited resonantly in the energy range corresponding to the neutral and charged excitons. A clear difference between the Raman scattering excitation spectra detected at the energy of negatively charged and neutral excitons has been observed reflecting the differences in the electron-phonon interactions involved. The resonance of the emitted light with the negatively charged exciton results in the cascade scattering by the A' 1 (Γ), 2LA(M)/E'(Γ) and acoustic phonons, which strongly enhances the related optical response of the system. The outgoing resonance with the neutral exciton leads to the enhancement of the Raman scattering intensity by several processes, including the double A' 1 (Γ) one. It has also been shown that the RSE spectroscopy employed in our experiment represents a sensitive tool to study electron-phonon interactions in thin films of TMD materials.
Methods
The WS 2 monolayer under investigation was prepared by mechanical exfoliation of a bulk crystal purchased from HQ Graphene. Initially, thin WS 2 flakes were exfoliated onto a polydimethylsiloxane (PDMS) stamp attached to a glass plate. The monolayers were then identified based on their optical contrast and cross-checked with the use of room-temperature Raman scattering and PL measurements. The highest quality ones of them were finally transferred to chemically cleaned and oxygen-plasma activated Si/(300 nm) SiO 2 substrates following a similar protocol as described in ref. 45 . Topography images of selected flakes were acquired using an NSV-VEECO-D3100 atomic force microscope operated in tapping mode under ambient conditions. Raman scattering measurements were carried out at low temperature (T = 5 K) using a typical set-up for the PL and PL excitation experiments. The investigated sample was placed on a cold finger in a continuous flow cryostat mounted on x-y motorized positioners. The non-resonant PL measurements were carried out using 514.5 nm radiation from a continuous wave Ar + laser. To study the optical response of the system as a function of excitation energy, a dye laser based on Rhodamine 6 G was used providing a tunable wavelength range extending from about 633 nm to almost 560 nm. The excitation light was focused by means of a 50× long-working distance objective (NA = 0.50) producing a spot of about 1 μm diameter. The signal was collected via the same microscope objective, sent through a 0.5-m-long monochromator, and then detected by a charge-coupled device camera.
